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Approaches are needed for the tailored assembly of plasmonic building blocks on the surface of 
substrates to synergistically enhance their properties. Here we demonstrate selective 
immobilization and assembly of gold nanorods (NRs) on substrates modified and patterned with 
end-grafted poly(ethylene glycol) (PEG) layers. The ligand exchange from the initial 
cetyltrimethylammonium bromide to sodium citrate was necessary for the immobilization of gold 
NRs onto PEG grafted substrates. Linear nanopatterns of PEG were fabricated using electrospun 
nanofibers as masks in oxygen plasma etching. The selective immobilization of citrate-stabilized 
gold NRs with a length of ~50 nm and a width of 20 nm on the nanopatterned PEG layers led to 
linear and registered arrays of rods. The number of gold NRs per line depended on the width of 
the patterns and approached 1 when the width of the patterns was comparable to the length of the 
rods. The confinement of the binding regions led to a ~3 fold increase in the number of gold NRs 
immobilized per unit area. The selective and dense immobilization of gold NRs on the nanoscale 
patterns of PEG resulted in spatially defined and strong surface-enhanced Raman scattering 
activity enabling detection of molecules at concentrations as low as 1 nM.  
 








Plasmonic nanostructures exhibit unique optical properties that show great promise for a broad 
range of applications in molecular sensing [1], anti-counterfeiting [2], photovoltaics [3] and 
catalysis [4]. The optical properties of noble metal nanostructures are dominated by localized 
surface plasmons which can be tuned by the material composition, size, geometry and surface state 
of the particles [5]. Anisotropic nanoparticles (NPs), such as gold nanorods (NRs), provide 
additional means to control surface plasmon resonances:  The asymmetric axes of the rods result 
in two distinct plasmon modes, namely longitudinal and transverse, whose location can be tuned 
through the engineering of the diameter and aspect ratio of NRs [6]. More interestingly, assemblies 
of metallic NPs lead to collective properties, which depend on the topographical distribution and 
spacing between the particles [7, 8]. Thus, the strong localization and focusing of light between 
the metallic NPs separated by a few nanometers results in a hot spot of high concentration of the 
electromagnetic field. In the case of anisotropic NPs, intense electric fields also arise near the sharp 
edges of the particles as a function of the orientation and spacing between the particles [9, 10].  
Such hot spots enable electromagnetic enhancement of Raman scattering and allow for sensing of 
low concentrations of molecules via surface-enhanced Raman spectroscopy (SERS) [11, 12]. As 
a highly sensitive, nondestructive and label-free technique, SERS has found applications in a broad 
range of fields including food safety, biomedical technologies and diagnostics [13-15]. These and 
other applications motivate the development of techniques for inexpensive and scalable fabrication 




Top-down engineering approaches, such as electron beam lithography together with metal 
evaporation, allow for spatially defined metallic nanostructures with a certain level of control over 
the size and geometry of the particles [16, 17]. However, it is extremely difficult to fabricate 
nanostructures with single crystallinity and molecularly defined roughness in 3D geometries and 
complex structures using these top-down approaches. Therefore, a bottom-up route to such 
nanostructures involves wet-chemical methods to synthesize colloidal NPs and their posterior 
organization in the desired structures [18, 19]. In addition to their superior properties, such as 
single crystallinity and molecular roughness, wet-chemical methods can be easily scaled up to 
produce massive amounts of colloidal nanomaterials with precise control over their size, shape, 
and composition [20, 21]. The utilization of the unique plasmonic properties of colloidal NPs in 
practical device applications requires uniform immobilization and assembly of the metallic 
nanostructures on a solid substrate in a dry state with control over the collective properties of the 
particle assemblies.  
 Substrates modified with end-grafted poly(ethylene glycol) (PEG), in particular, have 
recently gained significant interest for immobilization and assembly of gold NPs. Despite the 
wide-spread usage of PEG in surface modification for prevention of non-specific adsorption of 
biomolecules in biotechnology applications, [22] the capability of PEG brushes for uptake of gold 
NPs is relatively new. Vaia and coworkers [23] showed that citrate-stabilized Au NPs could be 
effectively immobilized on surfaces functionalized with end-grafted chains of PEG. Interestingly, 
binding affinity strongly depended on the size of the particle and the molecular weight of PEG 
grafts. This aspect, together with nanopatterning, enabled fabrication of different plasmonic 
heterostructures [24, 25]. Several other reports [26-33] employed PEG containing thin films to 
immobilize and assemble citrate-stabilized gold NPs. Despite the growing interest in PEG for 
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surface assembly of plasmonic structures, previous efforts have been limited to nanoscale building 
blocks consisting of spherical particles. However, the ability to assemble nanoscale building 
blocks of varying geometry, structure and composition is critically important for engineering the 
collective properties of plasmonic nanostructures.  
This study presents the immobilization and assembly of gold NRs on homogenous and 
patterned layers of end-grafted PEG. We first investigated the binding of colloidal gold NRs 
stabilized with cetyltrimethylammonium bromide (CTAB) and citrate. For this purpose, CTAB-
stabilized gold NRs were synthesized via a seed-mediated growth approach. Citrate-stabilized gold 
NRs were prepared via a ligand exchange process using the CTAB-stabilized rods. The 
stabilization of gold NRs with citrate allowed, for the first time, immobilization of anisotropic NPs 
on end-grafted PEG layers. Based on this selective binding, we investigated directed self-assembly 
of gold NRs on nanopatterned substrates. Linear patterns of PEG with nanoscale widths were 
prepared by the use of aligned nanofibers as etch masks. The assembly of citrate-stabilized gold 
NRs over the patterned regions facilitated close-placement of the particles with significantly higher 
densities accompanied with stronger SERS effects compared to homogenous PEG layers.  
2. Experimental  
2.1. Synthesis of CTAB and Citrate-Stabilized Gold Nanorods 
Gold NRs stabilized with CTAB were synthesized by a method adapted from a previously 
published seed-mediated growth protocol [34]. An aqueous solution (5 mL, 0.20 M) of CTAB 
(Sigma-Aldrich) was mixed with HAuCl4 (5 mL, 0.5 mM, Sigma-Aldrich) to prepare the seed 
solution. An ice-cold solution of NaBH4 (0.60 mL, 0.01 M, Sigma-Aldrich) was added to the seed 
solution, resulting in a brownish yellow color. After 2 min of vigorous stirring, the seed solution 
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was kept at 25 °C and used within 2 h. For the growth solution, CTAB (5 mL, 0.20 M) was mixed 
with AgNO3 (0.15 mL, 4 mM, Sigma-Aldrich) and HAuCl4 (5 mL, 1mM), and a solution of 
ascorbic acid (60 µL, 0.1 M, Sigma-Aldrich) was then added. Ascorbic acid is a mild reducing 
agent and changed the growth solution from dark yellow to colorless. The final step was the 
addition of 20 L of the seed solution to the growth solution. The ligand exchange from CTAB-
stabilized to citrate-stabilized gold NRs via intermediate treatment with polystyrenesulfonate 
(PSS, Sigma-Aldrich) was performed following the procedure described by Wei and coworkers 
[35].  
2.2. Characterization of gold NRs  
Absorption spectra of the as synthesized and surfactant exchanged gold NRs were acquired with a 
Shimadzu UV-2401 PC spectrophotometer (Japan). The morphology and size of the gold NRs 
were visualized using a FEI Magellan XHR SEM (USA), in transmission mode operated at 20 kV. 
A droplet of the sample was drop cast onto a piece of ultrathin carbon-coated 200-mesh copper 
grid (Ted-Pella, Inc.) and left to dry in air. Zeta potential measurements were performed with 
Zetasizer Nano from Malvern (UK). 
2.3. Preparation of Substrates and Immobilization of NPs 
Silicon substrates were functionalized with PEG (Mn = 35.0 kg/mol, PDI = 1.15, Polymer Source 
Inc.) by a grafting to approach as described in our previous studies [36]. Briefly, a ~120 nm film 
of PEG was deposited on the freshly cleaned (UV-Ozone for 20 min) silicon substrate via spin-
coating. The substrate was thermally annealed (180 oC for 5 min) in a glove-box. The ungrafted 
material was removed by repeated sonication in chloroform and then dried with nitrogen. The 
immobilization of NPs was performed by placing a droplet of the colloidal suspension on top of 
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the PEG-grafted substrates. All substrates were washed in water under sonication for 2 min 
following the immobilization process and dried with nitrogen.  
2.4. Fabrication of nanoscale patterns of end-grafted PEG layers  
The silicon substrates modified with end-grafted PEG layers were patterned using electrospun 
nanofibers as etch masks. Nanofibers of poly(ethylene oxide) (300 kg/mol) were electrospun from 
an aqueous solution (4.75%) on top of the PEG-grafted silicon  substrates. Electrospinning was 
performed in the near-field regime at a substrate to nozzle distance of 1 mm and the substrate was 
moved at a lateral speed of 150 mm/s. The substrates were etched in oxygen plasma (45 s, ~100 
mT, 5 sccm) to remove the end-grafted PEG layers that are not protected by the nanofibers. Further 
details of the patterning process can be found in our previous study [37]. 
2.5. Characterization of the substrates 
The thickness of the end-grafted polymer layer was measured via ellipsometry (Gaertner, USA) at 
a fixed angle (70o) of incidence. The substrate was modeled as silicon substrate / native silicon 
oxide layer (thickness of 1.5 nm, refractive index of 1.543) / PEG (refractive index of 1.46). The 
grafting density (Σ) was calculated using the equation given below. In the equation, h, 𝜌, 𝑁𝐴 and 
𝑀𝑛 indicate the ellipsometric thickness, density of PEG (1.09 g/cm
3), Avagadro’s number and 
number average molecular weight of the polymer, respectively.  
Σ = ℎ ∙ 𝜌 ∙ 𝑁𝐴/𝑀𝑛 (1) 
The surface topography of the end-grafted PEG layer was imaged in the dry state using AFM 
(Veeco Multimode 8, USA) in tapping mode. The morphology of the substrates following 
assembly of the particles was characterized with SEM (Zeiss EVO LS10, Germany) at 25 kV. The 
SEM images are representative of images taken from at least three different regions of the 
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substrate. SERS measurements were performed with a Witec alpha300 M+ model Raman 
spectrophotometer (Germany) equipped with a laser at a wavelength of 532 nm. Rhodamine 6G 
(Sigma-Aldrich) was dissolved in ethanol with concentrations that ranged from 10-5 M to 10-10 M. 
A drop with a volume of 3 L was then deposited on the substrate. Raman scattering measurements 
were performed after drying of the solvent using 50× and 100× objectives with a spot size of 1 m 
and an integration time of 0.05 s. The average spectra and intensities were obtained from Raman 
mappings over an area of 6 x 15 μm2 with a step size of 0.5 m. 
3. Results and Discussion 
3.1. Preparation of PEG grafted silicon substrates for assembly of gold NRs 
Figure 1 presents important steps for the immobilization and assembly of gold NRs on substrates 
functionalized with end-grafted PEG layers. A film of PEG was first spin-coated on a freshly 
cleaned silicon substrate. A 5 min annealing at a temperature of 180 oC was sufficient for end-
grafting of PEG via the condensation reaction between the surface silanol groups of the substrate 
and end-hydroxyl groups of the polymer [38]. The advantages of this grafting scheme for PEG 
include: i) availability of PEG with well-defined molecular weights with a low polydispersity 
index and high purity; ii) Since PEG is inherently terminated with hydroxyl groups, there is no 
need for post-functionalization of the polymer; and iii) The ability to generate uniform films over 
large areas. The removal of the unreacted polymers by sonication in chloroform leads to an end-
grafted layer of PEG with an ellipsometric thickness of 12.0 ± 0.8 nm. The areal chain density 
calculated using Equation 1 was 0.22 chains/nm2. The grafting density compares well with the 
end-grafted polymers that were reported to be in the brush regime [39]. The silicon substrates 
modified with the end-grafted layers of PEG displayed a highly smooth surface with a roughness 
lower than 1 nm (see supplementary Figure S1). Linear features in the AFM images arise as a 
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result of the crystallinity of the polymer [40]. PEG grafted substrates present binding sites for the 
immobilization of citrate-stabilized gold NRs, which are prepared by colloidal synthesis of CTAB-
stabilized rods followed by a two-step ligand exchange process. A sonication assisted washing 
step following the deposition of citrate-stabilized gold NRs ensures removal of weakly bound 
particles from the PEG-grafted substrates.  
 
Figure 1. Schematic description of the process used for the assembly of gold NRs on PEG-grafted 
substrates.  
3.2. Synthesis, Characterization and Immobilization of CTAB and Citrate-Stabilized Gold NRs 
Gold NRs stabilized with two different ligands were prepared by wet-chemical synthesis. CTAB-
stabilized gold NRs were prepared first through a seed-mediated growth approach. TEM images 
in Figure 2a show that the rods are ~50 nm in length and ~20 nm in width. UV-vis extinction 
spectra revealed characteristic peaks that correspond to ~625 nm and ~530 nm associated with the 
longitudinal and transverse plasmon resonances, respectively. The concentration of the rods was 
95 mg/L as determined using inductively coupled plasma-mass-spectrometry. A recently [35] 
reported procedure was used for ligand exchange from CTAB to citrate. Here, CTAB was first 
removed through treatment with PSS which is later exchanged with citrate. The intermediate PSS 
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treatment is necessary for the completion of the ligand exchange process without aggregation of 
the particles. UV-vis extinction spectra of NRs revealed that there was a small red-shift due to the 
ligand exchange. The zeta potential measurements (see supplementary Table S1) further verified 
the ligand exchange process. Initially the CTAB-stabilized gold NRs were positively charged with 
a zeta potential of +50.1 ± 0.5 mV. Following the ligand exchange from CTAB to PSS, the gold 
NRs became negatively charged (- 51.7 ± 2.7 mV). The further replacement of PSS with citrate 




Figure 2. Gold NRs. a, b) TEM images of the rods at a) 350,000× and b) 500,000× magnification. 
c) UV-vis spectra of gold NRs with different ligands. The concentration of gold NRs was 95 mg/L. 
 The ligand plays a critical role in the interaction of gold NRs with end-grafted PEG layers. 
The same size of gold NRs stabilized with CTAB and citrate were immobilized on PEG-grafted 
silicon substrates for 24 h. The substrates were imaged with SEM following sonication in water 
and drying. CTAB-stabilized gold NRs did not bind to the PEG-grafted substrates, whereas the 
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citrate-stabilized ones immobilized uniformly over the substrates with an average particle density 
of 23 NRs/m2 (Figure 3). In the absence of end-grafted PEG layers, citrate stabilized gold NRs 
did not bind to the bare silicon substrates (Figure 3c). Results were similar for a batch of gold NRs 
(see supplementary Figure S2 for the TEM images and UV-Vis spectra) with a higher 
concentration (148 mg/L) of the particles. These results show that the ligand plays a critical role 
in the interaction of the particles with end-grafted PEG layers. It is likely that PEG chains cannot 
remove the CTAB ligands to interact with the bare gold surface, since the association of CTAB to 
the gold NRs is stronger than citrate. These results are in agreement with a previous study by Vaia 
and coworkers [23] who reported that mercaptopropanesulfonate capped spherical gold NPs did 
not immobilize on end-grafted PEG layers. 
 
Figure 3. Immobilization of gold NRs on PEG-grafted substrates. SEM images of the substrates 
following immobilization of a) CTAB-stabilized and b) citrate-stabilized gold NRs. The SEM 
image given in part (a) shows that CTAB-stabilized gold NRs did not bind to PEG-grafted 
substrates. c) The density of citrate stabilized gold NRs immobilized on PEG-grafted and bare 
silicon substrates. The immobilization was performed for 24 h using two different concentrations 





































3.3. Assembly of gold NRs on nanoscale patterns of PEG  
Control over the position and orientation of gold NRs is critically important to tune their collective 
plasmonic properties for use in device applications. The selective immobilization of citrate-
stabilized gold NRs on substrates modified with PEG together with demonstrated capabilities in 
fabricating nanoscale patterns of polymer thin films, open up a range of opportunities for the 
spatially defined assembly of plasmonic nanostructures. Herein, a versatile nanofabrication 
technique is utilized to prepare one-dimensional nanoscale patterns of end-grafted PEG layers. The 
method, sometimes referred to as electrospin nanolithography or organic nanowire lithography, 
relies on electrospun nanofibers as masks for selective material removal during oxygen plasma 
etching (Figure 4a) [37, 41]. Near-field electrospinning enables spatially defined and highly aligned 
deposition of nanofibers allowing fabrication of linear patterns of end-grafted PEG layers in 
regions that are protected by the nanofibers. The removal of nanofibers through repeated washing 
results in stripes of PEG with widths that are defined by the diameter of the fiber and etching 
conditions. Spotting a droplet of the suspension containing the citrate-stabilized gold NRs followed 
by washing in water under sonication results in linear arrays of the particles (Figure 4b). This result 
further highlights the specific interaction of citrate-stabilized gold NRs with end-grafted PEG 
layers, since rods selectively bound to the patterned regions with extremely low levels of non-
specific adsorption to the background regions. We prepared a series of stripes with line widths 
ranging from ~400 nm to ~50 nm by varying the diameter of the nanofiber used to mask the 
underlying PEG layer (Figure 4c). The width of the pattern not only determined the number of 
rods immobilized per line width, but also affected the orientation of the rods.  At wide lines, the 
orientation of the rods was mostly random and a significant fraction of the rods assembled with 
their long axis perpendicular to the direction of the pattern. This kind of packing was also observed 
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for the assembly of mercaptopropane sulfonate functionalized NRs on patterns of poly(2-
vinylpyridine) surrounded by polystyrene regions [42]. Such assemblies likely result from the 
minimization of the interface between the rods and native oxide that is found in the background 
regions. The rods exhibited end-to-end type assemblies with single particle per width, when the 
width of the lines approached the length of the rods.   
 
Figure 4. Assembly of citrate-stabilized gold NRs on linear nanoscale patterns of end-grafted PEG 
layers. a) Schematic description of electrospin nanolithography to fabricate nanopatterns. The 
process starts with a homogenous layer of end-grafted PEG followed by aligned deposition of 
electrospun nanofibers. Oxygen plasma etching removes end-grafted PEG layers that are not 
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protected by the nanofibers. Washing off the nanofibers results in arrays of stripes which constitute 
binding sites for selective immobilization of citrate-stabilized gold NRs. b,c) SEM images of b) 
arrays of patterned gold NRs, c) individual stripes of varying width.  
A particular application of the presented platform is detection of molecules in Raman 
spectroscopy based on the enhancement of the signals near the gold NR assemblies. We probed 
the SERS activity of gold NRs assembled on PEG-grafted substrates by using rhodamine 6G as 
the reporter molecule under 532 nm laser excitation. Figure 5a presents the SERS spectrum of 
rhodamine 6G clearly exhibiting the fingerprint peaks at positions that are in good agreement with 
the literature [43]. Raman intensity mapping and SEM images (Figure 5b) show that the SERS 
response specifically emerges from the patterned gold NRs. This observation further verifies the 
selective immobilization of the citrate-stabilized gold NRs onto nanoscale patterns of PEG. To 
determine the detection limit of the fabricated SERS platform, we deposited different 
concentrations of rhodamine 6G on the both patterned and unpatterned PEG layers. Figure 5c 
shows the SERS spectra of rhodamine 6G on patterned gold NRs for deposition at concentrations  
ranging from 10 M to 100 pM. The lowest concentration of the reporter molecule that could be 
clearly detected was 1 nM on the patterned NRs. This detection limit exceeds those obtained with 
surface-assemblies of gold nanostars [44], nanospheres [36], NRs [45], and core-shell 
nanoparticles [46]. Figure 5d compares the SERS intensity at 1365 cm-1 of the reporter molecule 
deposited on gold NRs immobilized on patterned and unpatterned PEG layers.  The SERS activity 
of the NRs was consistently higher on the patterned substrates in comparison with the unpatterned 
ones for the entire range of the concentrations investigated. At a reporter concentration of 10 M, 
for example, the intensity at 1365 cm-1 was 120 on the patterns whereas it was 10 on unpatterned 
substrates. On the unpatterned PEG grafted substrates, the fingerprint peaks were not clearly 
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distinguishable at concentrations lower than 1 M. These results indicate that the assembly of gold 
NRs on the nanoscale patterns of PEG significantly increases SERS intensities and allow for 
detection of molecules at much lower concentrations in comparison with PEG grafted 
homogeneous substrates. This improvement can be explained by two effects. First, the density of 
the immobilized rods is significantly higher on the patterns in comparison with the homogenous 
PEG layers. The density of the gold NRs immobilized for 3h was typically ~30 NRs/ m2 on the 
patterned stripes in comparison with ~10 NRs/m2 on the unpatterned substrates prepared at 
identical conditions. This type of funneling effect was previously observed on nanopatterned PEG 
brushes with citrate-stabilized spherical gold NPs [37, 47]. The density of the particles contributes 
to SERS activity by increasing the number of scattering centers as well as by reducing the inter-
particle distances favoring formation of plasmonic hot spots. The second effect contributing to 
SERS may relate to the assembly of nanorods at particular orientations resulting in strong focusing 




Figure 5. SERS properties of gold NRs assembled on nanopatterned PEG layers. a) SERS 
spectrum of rhodamine 6G at a concentration of 10 M on gold NRs assembled on the patterned 
substrates. b) Raman mapping and SEM images of the patterned gold NRs. c) SERS spectra of 
rhodamine 6G for concentrations ranging between 10 M and 100 pM. d) SERS intensities of 
rhodamine 6G as a function of its concentration on gold NRs immobilized on patterned and 
unpatterned PEG-grafted substrates. The mapping image and SERS intensities were obtained using 
the characteristic peak of rhodamine 6G at a position of 1365 cm-1. 
4. Conclusions 
The results reported here demonstrate that colloidal chemistry and surface engineering approaches 
can be used together for tunable assembly of gold NRs on PEG-grafted solid substrates. The key 
in the first-time immobilization and assembly of colloidal gold NRs on end-grafted PEG layers 
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was tailoring the particle-substrate interactions via the exchange of ligands from CTAB to citrate. 
The selective particle-substrate interaction allowed for the spatially defined assembly of gold NRs 
on the linear nanoscale patterns of end-grafted PEG layers. The fundamental and technological 
importance of this study is the significant enhancement of the SERS activity of the gold NRs 
assembled on nanopatterned substrates. The close-placement of gold NRs at high densities over 
the patterned regions was critical in generating hot-spots as evidenced by SERS mapping images. 
The approaches reported in this study provide insights for modulating the collective properties of 
nanoparticles of varying shape and composition through directed self-assembly concepts. 
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